Oxygen and carbon isotopic records of monogeneric and monospecific benthic and planktonic foraminifer samples from Sites 744 and 738 drilled on the southern end of the Kerguelen Plateau during ODP Leg 119 reveal the evolution of polar Indian Ocean water masses from the early Paleocene to the middle Miocene. Production of cold dense bottom water in Antarctica was intensified with continental cooling and glaciation in the early Oligocene. Comparison of Oligocene and early Miocene isotopic data from high-latitude and low-latitude deepsea sites indicates that there were probably at least two sources of bottom waters at this time.
INTRODUCTION
One of the objectives of Ocean Drilling Program (ODP) Leg 119 was to document the regional climate and oceanography of polar waters in the southern Indian Ocean near Antarctica during the Tertiary. Sediments containing well-preserved foraminifers of Paleogene and early Neogene age were drilled at two sites on the southern end of the Kerguelen Plateau ( Fig. 1) . At Site 738 (62°42.54'S, 82°47.25'E; water depth 2253 m) a sequence of Turonian to Quaternary sediments was recovered while the sedimentary record at Site 744 (61°34.66'S, 80°35.46'E; water depth 2317 m) spans the late Eocene to the late Miocene (Fig.  2) . The high-latitude locations and the proximity to the margins of East Antarctica ( Fig. 1 ) make these sites ideal monitoring stations of climatic events and associated oceanographic changes within surface to intermediate water depths in the surrounding Antarctic Ocean. Site 744 also contains an expanded section of the Eocene/Oligocene transition with ice-rafted debris that provides the means to study events associated with the onset of Oligocene glaciation in Antarctica in great detail. We report the results of oxygen and carbon isotope analyses of monogeneric and monospecific benthic and planktonic foraminifers of Paleogene to late Miocene age from these southernmost Indian Ocean sites. Paleodepths have been estimated, using normal subsidence rates for oceanic crust (Detrick et al., 1977) as follows: 1,000 m in the earliest Paleocene; 1,350 in the early Eocene; 1,800 in the earliest Oligocene; and approximately 2,050 m in the earliest early Miocene. Based on comparison of isotopic compositions of benthic and planktonic foraminifers, we draw conclusions regarding the response of the polar water column (at surface to intermediate water depths) to climatic changes in the high southern latitudes, and infer sources of the intermediate waters.
At present, these sites on the southern end of Kerguelen Plateau are located between the Polar Front, which is more than 1500 km to the north, and the Antarctic Divergence at about 65 °S (Fig. 1) . The Polar Front separates the cold Antarctic surface waters from the warmer Subantarctic surface waters. The Antarctic Divergence separates the Antarctic Coastal Current flowing west along the Antarctic margins from the Antarctic Circumpolar Current (ACC) flowing east in a zone north of the Antarctic Coastal Current. Site 738 is beneath the southern part of the Antarctic Circumpolar Current. The southern Kerguelen Plateau rises 2-4 km above the adjacent ocean basins to the east and west, and more than 3000 m above the narrow passage to the south that separates it from Antarctica (Fig. 1) . The cold and very dense Antarctic Bottom Water (AABW) flows along this passage.
These oceanographic features of the Antarctic ocean developed as a response to changes in tectonic configurations and climate of Antarctica. Evidence from oxygen isotopic studies, and floral and faunal studies has revealed that early Paleogene polar temperatures were significantly warmer than today (Shackleton and Kennett, 1975; Savin et al., 1975; Kennett and Stott, 1990; Axelrod, 1984; Kemp, 1978) . Warmer polar temperatures imply that oceanographic processes and the structure of the water column in the southern high latitudes were also different. Surface water temperatures declined during the second half of the Paleogene, and colder conditions more similar to the present ones were established in the Oligocene (Shackleton and Kennett, 1975; Kennett and Shackleton, 1976; Kennett, 1977; and others) . In the early Oligocene, continental glaciation developed, and cold dense bottom waters produced during sea ice formation began to originate in Antarctic coastal regions (Kennett and Shackleton, 1976; Kennett, 1977; Barrett, 1989; ) .
It has been suggested that prior to high-latitude cooling, bottom waters formed by the sinking of warm saline plumes produced by evaporation in low-and mid-latitude shelf areas (Chamberlain, 1906; Brass et al. 1982) . Recently, Kennett and Stott (1990) have suggested that deep waters in the southern South Atlantic during most of the Eocene originated in the low latitudes. According to Kennett and Stott (1990) , intermediate waters were of Antarctic origin. Woodruff and Savin (1989) concluded that early Miocene intermediate waters in the Indian Ocean were warm and saline derived from a Tethyan source. The recovery of Paleocene to Eocene foraminifer sediments at Site 738 provides the opportunity to investigate isotopically if intermediate waters in the southern Indian Ocean were formed on the Antarctic margins. Moreover, we also examine the nature and sequence of oceanographic events near the Eocene/Oligocene boundary when the presence of significant glaciation on Antarctica has been inferred (Keigwin and Keller, 1984; Miller and Thomas, 1985; Keigwin and Corliss, 1986) . Ice-rafted debris associated with the global δ 18 θ shift of about l‰ recognized at Site 744 just above this transition represents direct evidence for the build-up of significant continental ice in the early Oligocene.
to declines in temperature, the early Oligocene 18 O enrichment has been interpreted as a combination of both high-latitude cooling and increased ice mass in Antarctica (Matthews and Poore, 1980; Keigwin and Keller, 1984; Keigwin and Corliss, 1986; Miller et al., 1987a) . Two arguments have been proposed for ice-volume in the earliest Oligocene. (1) Concomitant with the 18 O enrichment of benthic foraminifers, δ 18 θ of planktonic foraminifers globally increased by a smaller amount (Matthews and Poore, 1980; Keigwin and Keller, 1984; Poore and Matthews, 1984; Keigwin and Corliss, 1986) . Based on the assumption that surface water temperatures in the tropics have remained constant, this global 18 O enrichment of seawater must reflect increased ice volume (Matthews and Poore, 1980; Poore and Matthews, 1984; Keigwin and Corliss, 1986) . (2) Calculated paleotemperatures of deep waters in the early Oligocene, based on the assumption that the world had no significant mass of ice to affect seawater δ 18 θ, were as low or lower than present temperatures (Keigwin and Keller, 1984; Thomas, 1985, Miller et al., 1987a) . Such low temperatures of deep water are inconsistent with the idea that polar temperatures in the early Oligocene were warmer than at present (Keigwin and Keller, 1984) . Based on similar arguments, the global 18 O enrichment in benthic foraminifers near the early/late Oligocene boundary is inferred to reflect the effect of ice volume on sea water δ 18 θ and decreasing deep-water temperatures (Keigwin and Keller, 1984; Miller and Thomas, 1985) . Recent sedimentologic evidence points to extensive Oligocene glaciation in Antarctica (Barrett, 1989) . Lower Oligocene glaciomarine sediments and upper Oligocene diamictites interbedded with glaciomarine sediments drilled in the southwestern Ross Sea indicate glacial conditions followed by intermittent grounding of a continental ice sheet at sea level during the late Oligocene (Barrett, 1989) .
The most remarkable features of the global Paleogene carbon isotopic record are the high planktonic and benthic foraminifer δ 13 C values in the late Paleocene between about 61 and 58 Ma (Oberhansli and Toumarkine, 1985) and the subsequent sharp decline in values in lower Eocene sediments . The later event occurred in sediments correlated with magnetozones C24R to C24N with age estimates between about 58.5 and 56 Ma (Miller et al., 1987b) . These δ 13 C events occurred while global temperatures were increasing. Constancy in the surface-to-bottom δ 13 C gradient (Miller, et al., 1987b) indicates that δ 13 C changes were not caused by changes in productivity as proposed by some authors Shackleton 1987) . These δ 13 C and δ 18 θ fluctuations may be linked to the extensive volcanism near the Paleocene/ Eocene boundary which may have increased carbon dioxide levels in the atmosphere and caused global warming (Owens and Rea, 1985) .
Indian Ocean stable isotope records of Paleogene age were generated by Oberhansli (1986) for Deep Sea Drilling Project (DSDP) Sites 217, 237, 220, and 253. The early Paleogene records are based on analysis of bulk carbonate, whereas the Oligocene record is of monospecific foraminifers. In general, the Paleogene Indian Ocean patterns of δ 18 θ and δ 13 C variations are similar to global patterns discussed above. Ours, however, is the first comprehensive study of the Paleogene Indian Ocean based on analyses of foraminifer samples.
In the following sections, we present the early Paleocene to middle Eocene records and results suggesting that the source of intermediate waters in the early Eocene was in the low latitudes. Then, we present late Eocene to Miocene records, and discuss the results of isotopic and sedimentological studies of the Eocene/Oligocene transition, and implications of Antarctic glaciation for deep water origin and circulation.
MATERIAL AND METHODS

Samples
Samples from Site 738 and 744 that were analyzed in this study are listed in Tables 1-4 . Foraminifer samples from Site 738 consist of the planktonic species Chiloguembelina spp., Acarinina primitiva, Globigerinatheka index, Subbotina spp., Subbotina linaperta, Subbotina angiporoides, and Globorotaloides suteri and the benthic taxa Gavelinella beccariiformis, Nuttallides truempyi, and Cibicidoides spp. At Site 744, isotopic analyses were performed in the planktonic species Chiloguembelina cubensis and Globorotaloides suteri, and the benthic taxa Nuttallides spp., Stilostomella subspinosa, and Cibicidoides spp. These taxa were selected based on: (1) their abundance in sediment samples, (2) their stratigraphic range, and (3) because their isotopic compositions are inferred to reflect conditions at different depths in the water column. Isotopic results of Stilostomella subspinosa and Nuttallides spp. are not included in our discussion of isotopic time series because of the uncertainty regarding their isotopic fractionations and/or the limited data set.
Late Eocene and younger foraminifer specimens were deemed well preserved based on Scanning Electron Microscope (SEM) observations of broken surfaces and interior surfaces of tests. Where present, overgrowth crystals on interior surface chambers were small and volumetrically insignificant (see Barrera et al., this volume) . We did not conduct a thorough study of the preservation of foraminifer calcite of older samples. SEM observations were made of a few selected specimens at various intervals and overgrowth crystals were noted, in general increasing in size with increasing age. The wall structure of some Paleocene and early Eocene specimens show evidence of replacement by secondary calcite. In general, we expect δ 13 C values of foraminifers in deep-sea sediments with low organic matter to be less affected by dissolution-reprecipitation because the carbon reservoir in pore waters is significantly smaller than in the carbonate. Oxygen isotopic compositions can be significantly modified by dissolution-reprecipitation processes if exchange occurred (1) at high temperatures, and/or (2) with interstitial waters depleted in 18 O from other diagenetic reactions in the sediments (Garrison, 1981) . Burial depths at Site 738 are less than 400 m, and in situ temperatures measured in the upper 200 m of section near Site 738 range between -2° and + 2°C (Barron, Larsen, et al., 1989) . No analyses of pore water δ 18 θ values are available. Although we cannot rule out the possibility that isotopic signatures of Paleocene to middle Eocene foraminifer tests partially replaced by diagenetic calcite have been modified, the similarity of absolute δ 18 θ values and trends to those observed at other deep-sea sites, as subsequently discussed, suggests that measured values are not very different from original foraminifer values.
Analytical Methods
Samples were disaggregated by stirring in water heated to 40°-50°C and ultrasonically cleaned in tap water before sieving them through a 63 µm screen. Most planktonic foraminifer samples were picked from the 150-250 µm size fraction. Specimens of Chiloguembelina cubensis were taken from the larger-than 125 µm fraction. Benthic foraminifers were picked from the larger-than 250 µm fraction. Prior to isotopic analysis, foraminifer specimens were ultrasonically agitated in distilled water to remove adhering particles.
Isotopic analyses were performed at the Stable Isotope Laboratory of the University of Michigan, Ann Arbor, MI. Analyses are reported in δ notation as per mil deviations from the Peedee Belemnite (PDB) standard. Samples were reacted with anhydrous phosphoric acid at 55°C in an on-line gas extraction line coupled to the inlet of a VG602E mass spectrometer, or were reacted individually at 70°C in a Kiel device and analyzed in a Finnigan 261 mass spectrometer. Compositions of isotopic measurements made relative to standard CO 2 gas are related to PDB values through numerous analyses of National Bureau of Standards Reference Material #20 (Solnhofen limestone), which is taken to have a δ 18 θ value of -4.14‰ and a δ 13 C value of -1.06‰ (Craig, 1957) . Standard replicates have a precision of ±0.05‰ for δ 18 θ and δ 13 C. Water temperatures in Paleogene oceans were calculated using the equation of O'Neil et al. (1969) as recast by Shackleton (1974) and assuming that the oxygen isotopic composition of the oceans was -l‰ relative to Standard Mean Ocean Water (SMOW) before the growth of the ice cap.
STRATIGRAPHY AND LITHOLOGY
Age determinations of sediments at Site 744 are based on the integration of calcareous and siliceous plankton biostratigraphic data with magnetic polarity data and 87 Sr/ 86 Sr isotope stratigraphy (Barron et al., this volume; Barrera et al, this volume) using the chronology of Berggren et al. (1985a Berggren et al. ( , 1985b . Calcareous datums (Wei and Wise, this volume; Huber, this volume) tied to the chronology of Berggren et al. (1985b) were used to assign ages to sediments at Site 738 (Barron et al., this volume) . Calcareous datums were also calibrated with the magnetic polarity stratigraphy of lower Paleocene sediments at Site 738 (see Huber, this volume) . Because of poor recovery in the upper Paleocene to lower middle Eocene section at Hole 738C, absolute age assignments are uncertain.
Lower Paleocene to lower Eocene sediments at Site 738 are calcareous chalks with relatively minor amounts of foraminifer and nanno fossils and numerous chert nodules. As in other deepsea sections of this age, recovery was not continuous because of the high abundance of chert layers in this interval and the partial silicification of the chalk by opal-CT and quartz. Nevertheless, the isotopic record for this interval, as discussed in a subsequent section, is fairly detailed. The lower to middle Eocene section is a calcareous nannofossil ooze that grades downcore into chalk. Layers of porcellanite chert and concretions are also found in this interval. The middle Eocene to lower Oligocene sequence is a calcareous nannofossil ooze. At Site 744, a similar lithology characterizes the section from the upper Eocene to upper Miocene, where foraminifers constitute a few percent of the sediment.
FORAMINIFER ISOTOPIC SYSTEMATICS
Most Holocene deep-water benthic foraminifer species tests are in neither oxygen nor carbon isotopic equilibrium with am-bient seawater (Shackleton, 1974; Woodruff et al., 1980; Belanger et al., 1981; and others) . Interspecific differences in oxygen and carbon fractionation of well-preserved older benthic foraminifers appear to remain about the same through time, implying that species departure from equilibrium are approximately constant (Savin et al., 1981; . Estimates of depletion in 18 O relative to equilibrium values by species of Cibicidoides (the taxa most commonly used in isotopic paleoceanographic studies) ranges from 0.5 to 0.7‰ (Woodruff et al., 1980; Belanger et al., 1981; Savin et al., 1981; . δ 13 C values of Cibicidoides are similar to those of dissolved bicarbonate in ambient seawater (Belanger et al., 1981; Graham et al., 1981; . Calculated isotopic differences between the different taxa analyzed in this study are listed in Table 5 . Standard deviations of these differences are high resulting from fair reproducibility of some of the data. Based on these differences and the magnitude of the reported departure of Cibicidoides spp. from equilibrium precipitation , adjustments listed in Table 6 were made to the benthic foraminifer data in two of the figures, as noted in the text. No adjustments were made to the benthic δ 13 C data in our figures. Although previous studies have reported that δ 13 C values of these taxa are similar to those of dissolved bicarbonate , we have noted that there are significant differences among δ 13 C values of the various taxa analyzed in this study (Table 5) . Therefore, the same taxon is used in the comparison of benthic δ 13 C records between sites.
Carbon isotope values of Holocene planktonic foraminifers are in disequilibrium with ambient bicarbonate δ 13 C but are very close to that of total dissolved CO 2 (Williams et al., 1977) . Planktonic foraminifer 18 O/ 16 O ratios appear to be in or close to equilibrium (Williams et al., 1979) . The ranking of planktonic δ 13 C and δ 18 θ values is interpreted to represent the carbon isotopic composition and temperature of the water where the foraminifer calcified its test. The surface-dweller species should have the lowest δ 18 θ and the highest δ 13 C values. These reflect the high temperatures of surface waters, and the nutrient depletion and/or high δ 13 C values of surface water from the removal of 12 C by plankton productivity. On this basis, Chiloguembelina cubensis and species of Acarinina have been determined to be surface-dwelling taxa (Keigwin and Corliss, 1986; Shackleton et al., 1985) . Subbotinids, chiloguembelids, and globorotaloids usually measure the highest δ 18 θ and lowest δ 13 C values indicating a subsurface habitat below the shallow-dwelling species, and probably below the thermocline (Shackleton et al., 1985; Boersma et al., 1987) . At present, the seasonal temperature contrast of surface water is high in the high latitudes. In the Paleogene, it is possible that the shallow-water species may have only grown during the warmest part of the year or summer. The temperature of near-surface waters may have remained more or less constant throughout the year and thus be representative of surface temperatures during winter when the thermocline disappeared, as it does today. Isotopic differences among planktonic foraminifers can be interpreted either in terms of the vertical stratification of the water column or in terms of the seasonal temperature contrast.
RESULTS
Oxygen and carbon isotope results of benthic and planktonic foraminifers from Holes 744B, 744A, 738B. and 738C are tabulated in Tables 1-4. Adjustments to correct for estimated disequilibrium precipitation of benthic foraminifers are listed in Table 6 and have only been applied to the data plotted in Figures  3A and 8 . Values discussed in the text have not been adjusted unless noted. In the discussion in the following sections, isotopic compositions of benthic foraminifer taxa are taken to reflect conditions in the intermediate water mass in the southern Indian Ocean. Isotopic compositions of the planktonic foraminifer species Globorotaloides suteri and species of Subbotina and Paleocene and early Eocene chiloguembelinids reflect conditions of their inferred habitat in near-surface waters below the thermocline, whereas those of species of Acarinina and Chiloguembelina cubensis are indicative of conditions close to those of surface waters.
Early Paleocene to Late Middle Eocene Records
Oxygen Isotope Results
The δ 18 θ values of G. beccariiformis and N. truempyi increased by about l%o in the early Paleocene to a maximum at 322.1 mbsf (Antarctic Foraminiferal Zone AP4) in lower upper Paleocene sediments (Fig. 2 
Carbon Isotope Results
Carbon isotope ratios of N. truempyi and G. beccariiformis were low from the early to the early late Paleocene and subsequently increased rapidly by more than 1.5‰ in the late Paleocene to peak values greater than 2‰ (at about 59 to 60 Ma, 312.3 and 321.9 mbsf, respectively) (Figs. 2 and 3B). From the late Paleocene maximum, N. truempyi δ 13 C values declined to an early Eocene minimum close to -0.5‰ at 55.6 Ma (274.7 mbsf) at the same time that the δ 18 θ minimum was recorded. Subsequently, benthic foraminifer δ 13 C reached values close to l%o in the late early Eocene and remained at this level through the early middle Eocene. δ 13 C values of the planktonic taxa varied similarly to benthic δ 13 C values in the Paleocene to early Eocene interval (Figs. 2 and 3B). After the early Eocene minimum, δ 13 C of Subbotina spp. increased gradually by about 0.5‰ and remained in-the range of l-1.3%o in middle Eocene sediments.
13 C/ 12 C ratios of early and middle Eocene Acarinina are highly variable and do not appear to follow the same trend as near-surface and intermediate waters.
Surface to Intermediate Water Gradients
During the transition from the temperate Paleocene to the warm early Eocene, there was a change in the thermal stratifica- CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP16  CP15b  CPi5b   CPi5b  Cp15b  CP15b  CPi5b  CP15A  CP15A  CP15A   CP15A   AP13  AP13  AP13  AP13  AP13  AP13  AP13  AP13  AP13  AP13  AP13  AP13  AP13  AP13  AP13   AP13  AP13  AP13  AP13  AP13  AP13  AP13  AP13  AP12  AP12  AP12  AP12  AP12   AP12  AP12  AP12  AP12  AP12  AP12 (Figs. 3A and  4) . It was small from 55 to about 51 Ma, and increased slightly after 51 Ma. In general, the surface to bottom difference also decreased from about 55.5 to 51 Ma (Fig. 4) . The δ 13 C difference between surface or near-surface and intermediate waters reflects the removal of 12 C in the surface waters by productivity and the addition at depth of 12 C from the oxidation of organic matter. It can vary with the level of productivity in surface water or modifications in the properties of the deeper water. In the geologic record, the δ 13 C gradient can be inferred measuring the difference between the 13 C/ 12 C ratios of planktonic and benthic foraminifers. The inferred gradient can also be influenced but to a much smaller extent by other factors such as changes in the season or the depth of calcification of the planktonic foraminifer. At Site 738, the δ 13 C difference between near-surface to intermediate water was between 0.5 and l‰ in the Paleocene, with the lower values in the older part of the record (Fig. 4) . Near the maximum warming, this difference {Subbotina minus Nuttallides) decreased and preliminary δ 18 θ and δ 13 C data of Chiloguembelina spp. from Site 738 suggest the almost complete elimination of isotopic gradients (Figs. 3A and 3B) similar to that reported for the Maud Rise Site 690 at about this time ). In the polar Indian Ocean in the early Eocene from about 55 Ma, the near-surface to bottom δ 13 C difference became more variable and values fluctuated closer to 0.5‰ before increasing to about l%o in the early middle Eocene (Fig. 4) . The surface to bottom δ 13 C difference was low, close to about l‰, from about 54 to 51 Ma, relative to earlier values of about 2‰. The changes in the δ 13 C and δ 18 θ gradients can be correlated with changes in climate at this high-latitude location. In general, with the warming of the poles in the early Eocene, the gradients decreased, whereas they were higher during colder periods (Figs. 3 and 4) . The decrease in foraminifer isotopic differences can be interpreted in terms of changes in the vertical thermal stratification of the water column. The decrease in the δ 18 θ difference between the benthic and planktonic taxa to values close to zero indicates that the thermal stratification of the water column from the thermocline to intermediate-water depths was low or nonexistent during the early and earliest middle Eocene (Fig. 4) . At this time the surface to bottom δ 13 C difference was also small. The isotopic difference between surface and near-surface waters did not significantly change during the Paleocene/Eocene transition and in the earliest early Eocene. A slight decrease in this difference occurred during the late early Eocene after 54 Ma with the increase of surface-water δ 18 θ. Hence, the reduction of isotopic differences between the surface and intermediate waters does not appear to have resulted from differential changes within the upper level of the water column because surface and near-surface waters varied sympathetically most of the time. The changes in the gradient could represent a decoupling of intermediate waters from the behavior of the upper layers of the water column.
Nuttallides truempyi
The pattern of change in δ 18 θ values of the foraminifer taxa suggests that intermediate waters may have formed at a different location than the polar regions in the early Eocene. We note that δ 18 θ of the planktonic taxa had a minimum near 56 Ma and increased gradually thereafter. Intermediate waters, as reflected by δ 18 θ of N. truempyi were warm from about 56 to 54 Ma and began a gradual cooling after 52 Ma. The data of Cibicidoides imply that a δ 18 θ minimum was reached at approximately 54 Ma. If the trend in the planktonic data reflects the climate in the southern high latitudes and intermediate waters were formed there, δ 18 θ values of the benthic foraminifer should exhibit the same pattern as the planktonic data. The reduction of the surface to bottom δ 18 θ difference with the increase in planktonic values and the decrease in benthic values suggests that intermediate waters in the polar Indian Ocean may have originated at a lower-latitude location in the early Eocene.
Comparison of Benthic Foraminifer Isotopic Records
Comparison of absolute benthic δ 13 C values from time-series records has been used to infer the source of deep waters in different ocean basins (Miller et al., 1987b; Woodruff and Savin, 1989; Katz and Miller, 1991; Kennett and Stott, 1990) . Along their path, deep water masses incorporate CO2 from the dissolution of carbonate and the oxidation of organic matter with low δ 13 C values. Consequently, older waters have higher CO 2 content and lower δ 13 C values of bicarbonate than younger waters close to their origin. In Figure 5 (Miller et al., 1987b) in the equatorial Pacific, and 690 (2000 m paleodepth) in the Weddell Sea area are compared. In general, the records from these three sites exhibit similar trends from the late Paleocene to the early Eocene, although there are greater similarities between the patterns at Table 3 . Magnetostratigraphy from Keating (this volume), nannofossil stratigraphy from Wei and Wise (this volume), and planktonic foraminifer stratigraphy from Huber (this volume). 13 C values at Site 738 were higher than at Site 577 except between about 62.5 and 61.5 Ma and between 59 and 58 Ma. However, the reversals at these times could result from discrepancies in biostratigraphical resolution. Isotopic ratios ( 13 C/ 12 C) of Cibicidoides spp. from Site 702 (2000 m paleodepth) (Katz and Miller, 1991) in the South Atlantic are consistently higher than those of Nuttallides at Site 577. This has been cited as evidence for a high-latitude source of intermediate waters in the South Atlantic basins (Katz and Miller, 1991 Fig. 5 ). These patterns are consistent with the idea proposed by Kennett and Stott (1990) that deep waters at the Maud Rise were produced in the low latitudes in the early Eocene. Maud Rise waters appear to have become as old and warm as those in the Indian and Pacific Oceans at this time. Furthermore, these patterns also suggest that intermediate waters in the Indian Ocean before the early Eocene were different from the Maud Rise waters of probable Antarctic origin. Warm saline waters, perhaps produced in the eastern Tethys, may have flowed at intermediate depths into the high-latitude Indian Ocean even before the early Eocene. Reconstructions of early Paleogene carbon and oxygen isotope distributions at different paleodepths in the Indian Ocean are needed to trace the intermediate water mass to its source.
Latitudinal Gradient in the Early Eocene
In Figure 6 , the mean of δ 18 θ values of shallow-dwelling planktonic foraminifer species of Acarinina and Morozovella from lower Eocene deep-sea sediments from Foraminifer Zones P6 to P8 have been plotted against estimated paleolatitudes. These taxa consistently yield the lowest (warmest) δ 18 θ values (Shackleton and Boersma, 1981; Shackleton et al., 1985; Boersma et al., 1987) . The shaded area is an envelope through the δ 18 θ data of Holocene shallow-dwelling planktonic species (indicated by crosses) from various published sources compiled in Savin et al. (1985) . The Holocene data was adjusted by l‰ to compensate for the estimated average δ 18 θ composition of sea water in the early Eocene.
The mean of δ 18 θ values from Site 738 is close to those of Antarctic Sites 690 and 277. The mean values of these three southern high-latitude sites are in the range of those measured from mid-and low-latitude sites, showing as previously discussed by others, the very shallow or negligible latitudinal gradient of the early Eocene (Savin, 1977; Shackleton and Boersma, 1981) . We are assuming the magnitude of the present 18 O enrichment of low-and mid-latitude surface sea waters relative to surface sea water in the high-latitudes was the same in the early Eocene. All of early Eocene data points for the mid-latitudes fall within the shaded area defined by the Holocene data, implying that surface water temperatures at these locations were similar to today's. Early Eocene data for the tropics are very limited but the few data points indicate slightly colder tropical surface waters by several degrees than at present. The largest difference between the modern and the early Eocene world is in the southern high latitudes, Holocene shallow-dwelling foraminifers are 18 Miller et al. (1987b) and for Site 690 are Kennett and .
it is today (Craig and Gordon, 1965) , estimated temperatures based on 18 O/ 16 O ratios of Acarinina from Site 738 were close to 18°C during the maximum warmth in the early Eocene (Fig. 3A) .
Late Eocene to Early Miocene Records
Oxygen Isotope Results
Isotopic compositions of most foraminifer taxa that were analyzed from the upper Eocene to upper Miocene section at Site 744, and of Cibicidoides spp. from the upper Eocene section at Site 738 are plotted in Figure 2. 
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Latitude Figure 6 . Comparison of latitudinal gradient of δ 18 θ values of shallow-dwelling planktonic foraminifers of Holocene age (crosses) and early Eocene age (squares). The shaded area is an envelope through the Holocene data published in Savin et al. (1985) . The numbers identify the sites of the early Eocene data which are from Shackleton and Kennett (1975) , Shackleton et al. (1985) , Boersma et al. (1987) , Stott et al. (1990) , and this study.
Ma (145.67 mbsf). δ
18 θ values of C. cubensis increased by 0.5‰ at about 38.3 Ma (164.07 mbsf) to values close to l‰ and then, by 1.15‰ between 36.5 and 35.9 Ma.
After the sharp δ 18 θ increase above the Eocene/Oligocene boundary, values of Cibicidoides spp. remained between about 2 and 2.2‰ in the early Oligocene, and closer to 2‰ after 28 Ma (114.17 mbsf) in the late Oligocene (Figs. 2 and 7) . In the Miocene, Cibicidoides spp. δ 18 θ values increased slightly until about 19 Ma and then varied between 2 and 1.5‰ into the early middle Miocene. δ 18 θ values of G. suteri varied similarly to those of Cibicidoides spp., decreasing to about 2‰ in the early Oligocene and to about 1.8‰ in the late Oligocene. Early Oligocene 18 O/ 16 O ratios of C. cubensis were close to 1.5‰.
Carbon Isotope Results
Cibicidoides spp. δ 13 C values decreased gradually by about 0.9‰ in upper Eocene and lower Oligocene sediments until about 36.3 Ma (148.57 mbsf) (Figs. 2 and 7) . A 0.8‰ rise occurred between 36.3 and 36.15 Ma (147.53 mbsf). Afterward, they decreased gradually in the early Oligocene. Similar δ 13 C patterns as observed near the Eocene/Oligocene boundary at Site 744 have been documented in less detail in benthic records from Sites 253 and 219 in the Indian Ocean (Oberhansli, 1986; Keigwin and Corliss, 1986) and Site 362 in the South Atlantic (Keigwin and Corliss, 1986 ). The pattern is not recorded in the planktonic records of Site 744 or other sites, suggesting that the change affected only deep waters. The δ 13 C increase in the early Oligocene has been attributed to the enhanced production of young deep waters with the cooling of Antarctica (Oberhansli and Toumarkine, 1985) . The data presented here support this hypothesis.
At many sites, surface planktonic and benthic foraminifer δ 13 C decreased from the early to the late Oligocene, and increased from the late Oligocene into the early Miocene (Shackleton and Kennett, 1975; Keigwin and Keller, 1984; Miller and Thomas, 1985) . At Site 744, foraminifer δ 13 C values followed this general trend (Figs. 2 and 7 ).
Surface to Intermediate-Water Isotopic Gradients
Associated with the decrease in Cibicidoides δ 18 θ in the late Eocene at about 39 Ma (170.57 mbsf), the δ 18 θ differences between surface and intermediate waters, and between near-surface and intermediate waters at Site 744 were reduced until approximately 35.5 Ma (142.67 mbsf) (Fig. 8) . These changes occurred while intermediate waters warmed and during subsequent cooling of the entire water column. The thermal stratification between intermediate and near-surface waters was high in the remainder of the Oligocene (Fig. 8) . It is not apparent to us what caused the reduction of the stratification in the late Eocene and earliest Oligocene. The δ 13 C values of intermediate waters became more positive than that of near-surface waters in the earliest Oligocene beginning at 36.15 Ma (147.53 mbsf) and remained so until about 34.02 Ma (130.17 mbsf) (Fig. 8) . This is the only instance in the record of the polar Indian Ocean from the southern Kerguelen Plateau when such, a change is apparent. This reversal in the δ 13 C stratification of intermediate-to-surface waters is coincident with the presence of ice-rafted debris in the sediment. Its beginning coincides with the first appearance of ice-rafted debris, and it ends close to the level where the last ice-rafted debris was found in sediments of Hole 744A (Fig. 5) . We speculate that the high δ 13 C values of Cibicidoides at this time could reflect the increased production of young oxygenated waters on Antarctica.
THE EOCENE/OLIGOCENE TRANSITION
The Eocene/Oligocene transition at Site 744 (Fig. 9 ) is characterized by (1) the increase of planktonic foraminifer δ 18 θ values in the late Eocene at about 38.4 Ma, (2) a gradual decrease in the percent of carbonate beginning in uppermost Eocene sediments, (3) an 18 O enrichment of 1.15‰ just above the Eocene/ Oligocene boundary, and (4) the presence of ice-rafted debris coinciding with the isotopic shift (Fig. 9) . This is the first reported simultaneous occurrence of the global δ 18 θ shift with ice-rafted debris. Moreover, the events occurring during Eocene/ Oligocene transition in deep-sea sections were recorded in great detail in the section at Site 744. This transition in most deep-sea sections is characterized by hiatuses or breaks in the record near the Eocene/Oligocene boundary (Kennett et al., 1972; Luyendyk and Davies, 1974; Keigwin and Corliss, 1985; Keller et al., 1987) . Hiatuses near the boundary are also present in the southern high-latitude sections recovered at Sites 277 and 690 (Shackleton and Kennett, 1975; Kennett and Stott, 1990) . At Site 744, there is no apparent break in the sedimentary record below or above the Eocene/Oligocene boundary, or above the δ 18 θ shift based on evidence from magnetobiostratigraphy (Barron et al., this volume) . This permits evaluation of the nature of the change recorded in the δ 18 θ shift and conditions before and after. The δ 18 θ increase of C. cubensis about 2 m.y. before the boundary δ 18 θ shift represents a decline of surface water temperatures by approximately 2°C. (Ice-volume effect is neglected because the synchronous shift in benthic δ 18 θ values is small.) This change was likely significant in affecting the climatic and glacial regime of Antarctica. The cooling of surface waters reflects the northward migration of an ancestral polar front over this area at this time, implying cooling on the continent. The presence of ice-rafted debris in sediments deposited several million years later, requires that the right oceanographic conditions must have developed by then so that icebergs could have travelled to the southern Kerguelen Plateau. Sancetta (1979) proposed based on sedimentological evidence that a convergence or polar front at about 60°S had developed in the southern Indian and southwest Pacific Oceans by early Oligocene time, but disappeared in the late Oligocene. At Site 744, the first detectable amount of opaline material consisting of diatoms and radiolarians was found in sediments deposited at 38.5 Ma (167 mbsf) (Ehrmann, this volume) just below this 18 O enrichment. Moreover, late Eocene planktonic foraminifer assemblages of low diversity and taxa with cold water affinity were succeeded by even less diversified assemblages in the early Oligocene (Huber, this volume) indicating a change to a more stressful environment. A marked decline in the abundance of carbonate in the sediment is indicative either of changes in the supply at the surface or dissolution at the seafloor. A decrease in the abundance of carbonate to values below 90% was noted between Sample 119-744A-18H-2, 95-100 cm, and Sample 119-744A-18H-1, 95-100 cm (Table 7 , Fig. 9 ). Below this level, carbonate content in upper Eocene sediments is greater than 92%. Moreover, siliceous microfossils increased in abundance in sediments between these samples, and remained dominant to the upper part of Core 119-744A-16H. The presence of solution features in planktonic and benthic foraminifer tests beginning in Sample 119-744A-18H-1, 95-100 cm, lends support to the argument for increased dissolution at the seafloor.
The foraminifer 18 O enrichment of 1.15‰ is observed in sediments estimated to have been deposited between 36.5 and 35.9 Ma, which gives a duration of at least 0.6 m.y. to this event (Fig.  9) . The shift begins in sediments at the top of magnetic reversal 13 and ends at the base of Chron 13N (Fig. 2) . This global increase in planktonic and benthic foraminifer δ 18 θ values has been attributed to both a decrease in high-latitude temperatures and an increase in ice volume (Keigwin and Corliss, 1986; Miller et al., 1987b; and others) . At Site 744, ice rafted-debris occur in sediments deposited during the δ 18 θ shift and at its maximum Table 6 . Carbonate data are tabulated in Table 7 ; symbols are as in Figure 7. ( Fig. 9) , directly linking the isotopic change to glaciation in Antarctica. The presence of ice-rafted debris on the southern Kerguelen Plateau implies that these sediments must have been delivered there by icebergs. Debris-laden icebergs result from calving of ice streams and outlet glaciers at sea level (Anderson, 1985) . Icebergs of this type can also be produced from the calving of ice shelves containing sediment frozen at the bottom (Hambrey, this volume). Production of icebergs by either mode indicates that a substantial mass of ice must have been present on Antarctica. Moreover, ice-rafted debris are found in sediments deposited before the maximum 18 O enrichment. This pattern of sedimentation and δ 18 θ shows that an ice cap had begun to form in East Antarctica several million years before 36 Ma when the highest δ 18 θ values were measured, and that glacial build-up occurred over less than 1 m.y. The effect of ice buildup on the oxygen isotopic composition of seawater should be greater during the later stages of ice-cap growth when the isotopic composition of precipitated snow is more 16 O enriched relative to that of seawater. Therefore, the maximum 18 O enrichment may be equated with the existence of a large ice sheet. The sharp increase in Cibicidoides spp. δ 13 C values coinciding with the first appearance of ice-rafted debris may reflect the production of cold dense waters at the Amery Shelf during sea ice formation, or perhaps underneath an ice shelf. Evidence for the vigorous production of bottom waters on Antarctica in the earliest Oligocene is also found in the difference between δ 18 θ of benthic foraminifers from low-latitude and high-latitude sites, which is discussed below.
At Site 744, ice-rafted debris was found within the zone of maximum 18 O enrichment (Erhman, this volume) and for about 2 m.y. after, whereas Cibicidoides spp. δ 18 θ values remained high during at least the early and late Oligocene (Fig. 9) . The presence of ice-rafted debris in the Kerguelen Plateau sediments indicates very dynamic glacial processes on Antarctica either during the formation or retreat of an ice cap. At these times more debris-laden icebergs should be produced (Anderson, 1985) . Oceanographic factors must also play a role in determining the sites of accumulation in the deep sea. The disappearance of icerafted debris in lower Oligocene sediments may indicate that the large ice cap had a short life in the earliest Oligocene and soon receded from the coast. Conversely, oceanographic factors could have prevented the accumulation of debris in the southern Kerguelen Plateau. Nevertheless, measured Oligocene Cibicidoides spp. δ 18 θ values of 2‰ or more must reflect a combination of a small ice effect and lower water temperatures at Site 744. This small ice cap grew to large proportions in the earliest late Oligocene when Cibicidoides δ 18 θ values at Site 689 were about 3.5‰ and foraminifer δ 18 θ values in lowlatitude sites recorded synchronous enrichments (Keigwin and Keller, 1984; Miller and Thomas, 1985) . Unfortunately, a hiatus spans the length of these events at Site 744 (Barron et al., this volume) .
IMPLICATIONS FOR OLIGOCENE DEEP WATER ORIGIN AND CIRCULATION
It has been proposed that the establishment of the thermohaline circulation and the psychrosphere occurred in the early Oligocene with the refrigeration of Antarctica and the formation of sea ice (Shackleton and Kennett, 1975; Kennett and Shackleton, 1976 ). More recently, Kennett and Stott (1990) have suggested that deep water circulation in the Oligocene oceans was driven by temperature as well as salinity differences from at least two sources located in the high and low latitudes. Based on inversions of benthic foraminifer isotopic data from Sites 689 and 690 closely situated at different depths in the Weddell Sea area, they propose that Oligocene water masses at shallow depths in the southern South Atlantic Ocean as well as bottom waters of the ocean basins originated in Antarctica, whereas intermediate and deep water masses had a Tethyan source. To investigate this possibility we have compared the δ 18 θ record of Cibicidoides from Sites 738, 744 and 689 to those of the same species from low-and mid-latitude Sites 574 and 77 (2650 and 2900 m paleodepth), and 522 (2700 m paleodepth), and of mixed benthic foraminifer species from Sites 525 (1400 m paleodepth), 527 (3000 m paleodepth), and 529 (2300 m paleodepth). The locations of these sites are shown in Figure 10 . (δ 18 θ values from the last three sites, which have been adjusted for disequilibrium effects by , have been adjusted to reflect the composition of Cibicidoides by subtracting 0.5‰.) These data have been plotted in Figure 11 using the published ages based on the chronology of Berggren (1985a Berggren ( , 1985b . These are the most complete benthic foraminifer records available for the Oligocene and those from the greatest water depth in the Pacific. Unfortunately, there are no middle or late Eocene records of intermediate and deeper waters for the Pacific that constituted most of the world's oceans at the time.
Middle and late Eocene δ 18 θ values from Site 527 are not very different from those of Sites 738, 744, and 689 in the middle and late Eocene (Fig. 11) . In the early Oligocene beginning at the 18 O enrichment, there is great similarity among δ 18 θ values of the low-latitude sites, but these are on the average about O.5%o lower than those of Sites 744 and 689. For example, averages for the early Oligocene interval 35-30 Ma are: 1.57 ± 0.17, N = 28 for Site 522; 1.58 ± 0.17, N = 13 for Site 529; 1.60 ± 0.30, N = 9 for Site 574; 1.57 ± 0.23, N = 21 for Site 77; 2.12 ± 0.12, N = 15 for Site 744; and 2.26 ± 0.18, N = 22 from Site 689. This difference persisted in the late Oligocene and into the Miocene (Fig. 11) . In the early Oligocene (30 to 35 Ma), average δ 13 C values are: 0.77 ± 0.24, N = 24 at Site 522; 0.47 ± 0.23 at Site 574; 0.65 ± 0.23, N = 26 at Site 77; 0.93 ± 0.27, N = 10 at Site 744; and 0.7 ± 0.19, N = 22 for Site 689. Unlike today, Pacific deep waters were not 13 C depleted relative to other basins. In the late Oligocene, average δ 13 C values of equatorial Pacific deep waters did not change, but the difference between intermediate waters in the polar Indian Ocean (1.08 ± 0.24, N = 9) and deep waters in the South Atlantic (1 ± 0.39, N = 13) decreased. North Atlantic Deep Water (NADW) produced intermittently in the Oligocene (Miller and Tucholke, 1983; Miller and Fairbanks, 1983 ) increased δ 13 C of bicarbonate in the South Atlantic. However, we note that δ 13 C values of deep waters in the South Atlantic are higher than those in the equatorial Pacific in the early Miocene when there is no evidence of NADW production (Woodruff and Savin, 1989) . Calculated δ 18 θ values of carbonate precipitated in equilibrium with modern deep waters (Ostlund, 1987; O'Neil et al., 1969) with those at the Oligocene paleodepth of the Pacific and Atlantic sites are very close, but about O.4%o different from that precipitated near Site 744. Therefore, the Oligocene isotopic differences are not unlike those observed today. Site 744 is currently under the circumpolar deep water that is colder by a few degrees than Pacific and South Atlantic deep waters. By the early Oligocene, a prototype of the modern Antarctic water mass had likely developed with the opening of an intermediate water connection between Antarctica and Australia and possible deep water circulation across the Drake Passage (Le Brecque and Rabinowitz, 1977) . These oceanographic changes may account for the observed increase in isotopic differences relative to the late Eocene. An alternative but less probable scenario is that the flow of Antarctic bottom waters in southern high-latitude oceans was restricted to the ocean basins close to the continent by topographical features. But the ridges that divided the Indian Ocean into separate basins below 2000 m had subsided by the Oligocene .
Unfortunately, the available isotopic data are insufficient to reconstruct oceanic circulation patterns and to either prove or disprove the low-latitude origin of deep waters in the South Atlantic and Pacific Oceans in the Oligocene. For the relatively warm early Miocene, Woodruff and Savin (1989) have presented isotopic evidence for the formation of the southern oceans intermediate waters in the Indian Tethys, whereas deep waters were of Antarctic origin. The Miocene data also suggest that a water mass of Antarctic origin progressively filled the bottom and deep water depths of the equatorial and North Pacific Oceans after 16 Ma (see Figs. 10 and 11 in Woodruff and Savin (1989) ). A reduction in the δ 13 C difference between South Atlantic and Pacific deep waters also occurred at about this time. Deep and intermediate waters in the Pacific may have had another source before this time, probably located in the low latitudes, or were a mixture of waters derived from low-and highlatitude sources. We suggest that the production of cold dense waters on the Antarctic margins increased in the early Oligocene when there were competing sources for deep water formation, but was only greatly intensified in the middle Miocene with the build-up of Antarctic continental ice when additional sources disappeared or decreased.
The intensification of Antarctic bottom water production in the early Oligocene appears to be linked to the presence of widespread hiatuses in the southwestern and southeastern Indian and southwestern Pacific Oceans (Kennett et al., 1972; Luyendyk and Davies, 1974; Keller et al., 1987) . Oligocene sedimentation, however, proceeded uninterrupted in the northwestern Indian Ocean. In the rest of the Indian Ocean, hiatuses are found in sequences deposited at shallow and deep-water depths, a pat-MERCATOR AT 40 MILLION YEARS Figure 10 . Locations of deep-sea sites from which data are plotted in Figure 11 . Map from Barron et al. (1981). tern which has been interpreted indicative of strong surface and deep water currents (Luyendyk and Davies, 1974; Davies and Kidd, 1977) . Near the Eocene/Oligocene boundary, the centers of deep-sea carbonate deposition shifted to the equatorial Pacific and South Atlantic Oceans where the carbonate compensation depth (CCD) dropped sharply ( Van Andel et al., 1977; Hsü et al., 1984; Moore et al., 1984) . The lowering of the CCD in these basins has been attributed to the influx of young oxygenated bottom waters of Antarctic origin (Berger, 1973 ). An alternative but not unrelated explanation is that increased productivity of calcareous plankton in the open oceans was caused by the higher continental fluxes of nutrients during low sea stands (Van Andel et al., 1977) which resulted from continental glaciation. It is possible that such fractionation in the chemistry of bottom waters in these basins was caused by differences in water mass sources. More detailed isotopic study of Oligocene sediments from different ocean basins are needed to reconstruct the oceanography of this interesting epoch.
CONCLUSIONS
Oxygen and carbon isotope records of foraminifer samples from Sites 738 and 744 on the southern Kerguelen Plateau provide insights into climatic and oceanographic events on the Antarctic Indian Ocean from the early Paleocene to the Miocene.
Intermediate and surface-water temperatures inferred from oxygen isotopic compositions of foraminifers were relatively low in the early Paleocene. The surface-to-bottom thermal stratification was high at this time. After increasing by about 6°C (1.5‰ change) from an early late Paleocene minimum (about 8°C), the highest temperatures of intermediate waters in the polar Indian Ocean were recorded in the period from approximately 56 to 54 Ma (~13°C). Waters at these depths cooled markedly after about 52 Ma. Synchronous with the maximum warmth, carbon isotopic compositions of benthic foraminifers reached the lowest values of the Paleogene. Surface and nearsurface waters were also warmest at about 56 Ma (~ 18°C for surface waters) and subsequently declined gradually during the early and middle Eocene. The decrease of the isotopic differences between surface/near-surface to intermediate waters from 56 to 52 Ma, while surface waters cooled, suggests that intermediate waters may not have formed in Antarctica at that time.
Comparison of benthic foraminifer records from Site 738 with those from Pacific Site 577 and southern South Atlantic Site 690 shows that prior to 56 Ma, intermediate waters in the Indian and Pacific Oceans were warmer and 13 C depleted relative to intermediate waters in the Weddell Sea. Weddell Sea waters were likely of Antarctic origin. In the remainder of the early Eocene, the records from these three sites are similar. Although this similarity could be interpreted to reflect a single source for intermediate waters in these basins, the source could have been located at any latitude. Kennett and Stott (1990) have proposed the low-latitude formation of intermediate waters at Site 690 during most of the Eocene. However, the data available at present are insufficient to resolve the issue of the source of intermediate waters in the Indian Ocean.
Most of the cooling of the polar Indian Ocean during the Paleogene occurred in the middle and late Eocene. Oxygen isotopic compositions of benthic and planktonic foraminifers increased by about l‰ from the earliest middle Eocene to about 47 Ma. The upper middle Eocene record of Site 738 was sparsely sampled at this time but oxygen isotopic values appear to have increased by nearly l%o within this interval.
The global 18 O enrichment just above the Eocene/Oligocene boundary is recorded at Site 744 (about l.l‰ change) coincident with the presence of a considerable amount of ice-rafted debris in the sediments. This simultaneous occurrence directly links the isotopic shift to significant glaciation in Antarctica. In fact, a 700-m-thick package of lower Oligocene diamictites was recovered at Site 739 in Prydz Bay, which implies that the Lambert Glacier/Amery Ice Shelf Complex was grounded 140 Km beyond the edge of the present ice sheet (Barron et al., Figure 11 . Comparison of oxygen isotope records of species of Cibicidoides and mixed benthic (as noted) from several deep-sea sites. The adjustment applied to the mixed benthic species data from Sites 527 and 529 (from is discussed in the text. Data sources are: Keigwin and Keller (1984) for Site 77; Miller and Thomas (1985) for Site 574; Miller et al. (1988) for Site 522; Kennett and Stott (1990) for Site 689.
ume). The isotopic increase occurred gradually in sediments dated at 36.5-35.9 Ma, whereas ice-rafted debris was deposited beginning at 36.1 Ma, when Cibicidoides values were about 1.5‰. This pattern indicates that extensive Antarctic glaciation occurred before seawater δ 18 θ was significantly affected by ice-volume. The presence of diamictites and glacial marine sediments of latest middle Eocene to late Eocene age recovered at Prydz Bay Site 742 (Barron et al., this volume) corroborates this conclusion.
The major pulse of early Oligocene glaciation in East Antarctica was preceded by a 2°C decline in surface water temperatures at about 38.4 Ma, which we infer to reflect the migration of a polar front over the southern end of the Kerguelen Plateau. A notable increase in the relative abundance of biogenic silica (Erhman, this volume) occurred at about the same time as the late Eocene cooling. Further cooling and establishment of a polar front occurred in the early Oligocene as evidenced by a further increase of biogenic siliceous sediments (Barron et al., this volume) . The decrease of surface-water temperatures in the late Eocene may have been significant in affecting the glacial regime in Antarctica leading to the major glaciation episode in the early Oligocene. It is possible that with the same amount of precipitation over the continent, lower temperatures enhanced the accumulation of ice.
Cibicidoides δ 18 θ values close to 2‰ imply that extensive glacial conditions persisted in Antarctica during the Oligocene. This is supported by evidence from diamictite sequences of early Oligocene age in Prydz Bay (Barron et at., this volume) and late Oligocene age in the Ross Sea (Barrett, 1989) . Although the volume of ice varied, δ 18 θ values suggest that Antarctica was never free of ice during the Oligocene.
The production of cold dense waters in the Antarctic margins was intensified with continental cooling and glaciation in the early Oligocene. Comparison of benthic foraminifer records from low-and high-latitude sites shows relatively uniform δ 18 θ values in the Eocene. After the global 18 O enrichment in the early Oligocene, δ 18 θ values from low-latitude sites decreased by about 0.5‰ (to about 1.5‰), while values from high-latitude Sites 689 and 744 remained close to 2‰. This δ 18 θ difference between sites at these two locations persisted during the Oligocene and in the early Miocene. We propose that these differences reflect the flow of cold dense waters produced during sea ice formation to the sites close to Antarctica, whereas lower-latitude sites were bathed by more locally produced waters.
